Abstract: We experimentally demonstrate a CMOS compatible medium wave infrared metalinsulator-metal (MIM) metamaterial absorber structure where for a single dielectric spacer thickness at least 93% absorption is attained for 10 separate bands centred at 3. 08, 3.30, 3.53, 3.78, 4.14, 4.40, 4.72, 4.94, 5.33, 5.60 μm. Previous hyperspectral MIM metamaterial absorber designs required that the thickness of the dielectric spacer layer be adjusted in order to attain selective unity absorption across the band of interest thereby increasing complexity and cost. We show that the absorption characteristics of the hyperspectral metamaterial structures are polarization insensitive and invariant for oblique incident angles up to 25° making them suitable for practical implementation in an imaging system. Finally, we also reveal that under TM illumination and at certain oblique incident angles there is an extremely narrowband Fano resonance (Q > 50) between the MIM absorber mode and the surface plasmon polariton mode that could have applications in hazardous/toxic gas identification and biosensing. 
Introduction
Medium wave infrared (MWIR) radiation, defined as the region between 3 and 5 μm of the electromagnetic spectrum, has several important characteristics. At room temperature all materials emit MWIR. This thermal signature can be captured by a suitable detector and the object readily identified [1] . Moreover, unlike visible radiation, MWIR is transparent to cloud and fog [2] . Small biomolecules such as carbohydrates and pharmaceuticals with ~10-30 atoms have intramolecular vibrations in the MWIR range while a number of odourless and toxic/flammable gases such as carbon monoxide (CO), nitric oxide (NO) and methane (CH 4 ) have absorption bands in the MWIR region [3] . These properties have led to a number of applications in sectors such as medical diagnostics, detection and classification of biological materials, environmental monitoring and hazardous gas detection [4, 5] .
However, widespread adoption of these applications has been hindered by the high cost of the components, primarily the detectors. Photodiode technology based on mercury cadmium telluride (MCT) or indium antimonide (InSb) material systems have traditionally dominated the MWIR imaging market however more recently the bolometric approach has become more attractive due to the ability to operate at room temperature and recent advances in microelectro-mechanical systems manufacturing techniques resulting in reduced cost. Nowadays bolometric based 640 x 512 focal plane array imagers with pixel sizes of 17 μm and video rate read-out speeds are commercially available at significantly lower cost than their MCT or InSb photodiode equivalents [6] .
For hyperspectral applications, such as hazardous gas detection or environmental monitoring, components must be added to the imaging set-up in the form of multi-layer filters or interferometers, increasing system complexity, cost and acquisition time. The ideal hyperspectral imager should have no moving parts and therefore be compact, have high spectral resolving power, high spatial resolution and high sensitivity. However, at present no current technology fulfils these needs since filter wheel systems have low operational speed while interferometers require a high precision mechanical scanner coupled with a wide bandwidth detector.
Metamaterials, and their 2D counterpart metasurfaces, have recently emerged as alternatives to traditional dispersive or multi-layer interference filters [7] [8] [9] [10] . Meta-structures are constructed from sub-wavelength thick films of metal and/or dielectric and offer the advantage that the transmission/reflection/absorption characteristics can be engineered simply by changing the geometry of the constituent meta-atoms [11, 12] . This geometry engineering is typically done using high-precision lithography techniques employed in the microelectronics industry and is therefore inherently low-cost. Metamaterial absorbers in particular have attracted significant attention due to the lack of natural materials that selectively absorb in the infrared (IR) and terahertz (THz) range [13] [14] [15] [16] [17] . A metamaterial absorber is typically constructed of a metal-insulator-metal (MIM) stack where the top layer of metal is comprised of a so called electric ring resonator (ERR) separated by a dielectric layer from a bottom layer that is a continuous metal ground-plane. The ERR couples strongly to the incident electric field while the addition of the dielectric and ground plane enables coupling of the magnetic component of the incident light to the structure. Modifying the ERR geometry and the dielectric thickness allows independent tuning of the electric and magnetic response respectively, so that unity absorption is attained when the free space impedance (Z 0 = μ 0 /ε 0 = 377 Ω) matches that of the device impedance (Z = μ/ε) [18] . The fundamental resonant frequency of a MIM metamaterial absorber is [19] :
where f m is the resonant frequency position, L in the inductance and C is the capacitance. The capacitance is determined by the area of the ERR and the insulating layer composition and thickness while the inductance is determined by the length and width of the ERR. In practice the ERR geometry and real part of the refractive index of the spacer material predominantly determines the resonant frequency peak position while the thickness and loss tangent of the spacer material between the two conducting layers determines the absorption magnitude [19] . Single band, broadband and hyperspectral MIM metamaterial absorber structures have been demonstrated across the entire electromagnetic spectrum, from the mm wave to the visible, and have applications in imaging, energy harvesting and biosensing [20] [21] [22] [23] [24] [25] . In addition, metamaterial absorbers, being extremely thin periodic structures, lend themselves to integration with detectors such as bolometers and pyrometers to form imaging arrays [26] [27] [28] [29] [30] [31] . Furthermore, monolithic integration of the spectral selection component, i.e. the metamaterial absorber, directly in the pixel offers the advantage of miniaturization and obviates the need for external wavelength selection components, further reducing manufacturing cost and system complexity.
A major challenge, until now unsolved, is to establish a geometry whereby selective high absorption, i.e. >90%, is attained for a single dielectric thickness throughout the waveband of interest e.g. MWIR or LWIR using CMOS compatible materials. Previous work on MWIR MIM metamaterial absorbers with square shaped ERRs and a 120 nm Si 3 N 4 spacer layer found that the absorption magnitude dropped to as low 64% across the 3-5 μm waveband [27] . The authors stated that to attain higher absorption magnitudes the spacer layer thickness must be optimised for each wavelength. To attain high absorption at longer wavelengths the spacer layer thickness must also increase. For practical applications it would be inefficient and costly to fabricate a bolometric based hyperspectral MWIR imager that necessitates several lithographic procedures to define different dielectric spacer thicknesses to attain high absorption for each hyperspectral band. Kang et al. demonstrated hyperspectral MIM metamaterial absorbers spanning the MWIR range using a single dielectric thickness however the absorption efficiency was as low as 80% and Au metal employed, which is not CMOS compatible [32] .
Here we experimentally demonstrate a CMOS compatible metamaterial absorber structure where for a single dielectric spacer thickness at least 93% absorption is attained for 10 separate bands centred at 3.08, 3.30, 3.53, 3.78, 4.14, 4.40, 4.72, 4.94, 5.33, 5.60 μm. We study experimentally and via simulations the absorption characteristics for both normally incident radiation and obliquely incident radiation of 40 MWIR metamaterial absorbers where the ERR arm length and dielectric thickness are varied. We also show that the absorption characteristics of all the hyperspectral metamaterial structures are invariant up to incident angles up to 25°. 
Simulation, Fabrication and Experimental Characterisation
A 3D schematic diagram depicting the unit cell of a typical CMOS compatible MWIR metamaterial absorber is shown in Fig. 1(a) . A Ti/Al (10/90 nm thick) cross-shaped ERR is separated from a Ti/Al (10/90 nm thick) metallic ground plane by a silicon dioxide (SiO 2 ) layer of thickness, t. The ERR cross arm width, w, is fixed at 400 nm while the arm length, l, is varied from 800 to 1700 nm in steps of 100 nm and the SiO 2 thickness varied from 25 to 100 nm in steps of 25 nm. The unit cell period is 2000 nm. In all, 40 different MWIR designs were fabricated and experimentally characterised and the results compared to simulations. Lumerical FDTD simulation software was used to determine the spectral response, incident angle dependence and absorption distribution of the MWIR MM absorbers. For the spectral response simulations a plane wave was normally incident (z direction) on the Al ERR/SiO 2 / Al ground plane stack. Values obtained from Palik were used for both the Al and SiO 2 [33] . For all normal incidence simulations the electric field was orientated in the x plane (i.e. TM polarisation). A mesh grid with an x and y cell size of 50 nm and a z cell size of 5 nm was defined around the structure. Taking advantage of the inherent symmetry of the MM absorber structure and to reduce computation demands, symmetric and anti-symmetric boundary conditions were used in the x and y and perfectly matched layers (PML) were used in the z boundaries. A reflection monitor was located behind the source to record the reflected radiation from the structure. On account of the ground plane the transmission through the metamaterial structure is zero therefore the absorption is expressed as 1 -R, where R is the reflection magnitude. For the incident angle dependence simulations a similar set-up was employed with the exception that Bloch boundaries were used in the x and y. For each metamaterial design 60 simulations were performed for incident polar (xz) angles ranging from 0° to 60°. The simulated absorption spectra plots for ERR arm lengths from 800 to 1700 nm are shown in Fig. 2 for SiO 2 thicknesses of (a) 25 nm, (b) 50 nm, (c) 75 nm and (d) 100 nm. Comparing the simulation curves there are several noticeable features. Firstly, for all thicknesses we observe, as anticipated, that the peak absorption wavelength position increases with increasing cross arm length. Secondly, for all 10 ERR designs, the absorption magnitude increases as the SiO 2 thickness increases from 25 nm to 75 nm. The average peak absorption magnitude is 55.4% and 90.2% for SiO 2 thicknesses of 25 nm and 50 nm respectively. What is more remarkable is that for a 75 nm thick SiO 2 layer the minimum absorption magnitude is 99% for the 10 different ERR designs traversing the entire MWIR region (2.72 μm to 5.17 μm). As the SiO 2 thickness increases further to 100 nm there is a slight decrease in the absorption magnitude to an average of 94%. Taking a closer look at Figs. 2(b) and 2(d) we see that there are two distinctly opposite trends in terms of absorption magnitude and increasing cross arm length. For the 50 nm thick SiO 2 metamaterial absorbers [ Fig. 2(b) ] the absorption magnitude steadily decreases with increasing cross arm length while for the 100 nm thick SiO 2 metamaterial absorbers [ Fig. 2(d) ] the absorption magnitude steadily increases with cross arm length.
To fabricate the MWIR MM absorbers first the Ti/Al (10/90 nm) ground plane was evaporated via electron beam deposition onto a 550 μm thick Si substrate. Next, the requisite thickness of SiO 2 (25/50/75/100 nm) was deposited via a plasma enhanced chemical vapor deposition (PECVD) process. Finally, electron beam lithography was used to pattern a bi-layer of poly(methyl methacrylate) (PMMA) resist to form the cross shaped ERR structures of fixed width (0.4 μm) and varying lengths (0.8 μm to 1.7 μm). After development in 1:1 isopropyl alcohol: methyl isobutyl ketone (IPA: MIBK) for 30 seconds at 23°C a 10/90 nm Ti/Al layer was evaporated and lift-off performed by immersing the sample in a beaker of acetone at 50°C. Each MM design spanned an area of 12 x 12 mm. Scanning electron microscope (SEM) images of fabricated MM absorbers with a cross arm length of 800 nm and a cross arm length of 1700 nm are shown in Figs. 2(b) and 2(c) respectively.
Characterisation of the MWIR MM absorbers was performed using a Bruker IFS 66v/S Fourier transform infrared spectrometer (FTIR) in reflection mode at 30° incidence. The reflection and transmission measurements were performed using a SiC globar source, KBr beamsplitter and a deuterated L-alanine-doped triglycine sulfate (DLATGS) pyroelectric detector. The reflection spectra was normalised to a gold mirror through a 10 mm aperture. The experimental absorption spectra plots for ERR arms lengths from 800 to 1700 nm are shown in Fig. 3 for SiO 2 thicknesses of (a) 25 nm, (b) 50 nm, (c) 75 nm and (d) 100 nm. The experimental spectral responses show similar trends to those simulated; the peak absorption wavelength position red shifts with increasing cross-arm length and the absorption magnitude is strongly dependent on the SiO 2 thickness. However, in contrast to the simulated data the optimum SiO 2 thickness to attain the maximum absorption is 100 nm, not 75 nm. For a 100 nm thick SiO 2 layer the peak absorption magnitude of the 10 MWIR absorbers is at least 93% and the average peak magnitude is 97%. The peak absorption wavelength positions for the 100 nm thick SiO 2 metamaterial absorbers are 3.08, 3.30, 3.53, 3.78, 4.14, 4.40, 4.72, 4.94, 5.33, 5.60 μm. This is, to the best of our knowledge, the first experimental demonstration of a spectrally selective metamaterial absorber that has greater than 90% absorption magnitude across the entire MWIR region for a single dielectric spacer layer thickness. Figure 4 compares the experimental and simulation data for the (a) peak absorption wavelength versus cross arm length, (b) peak absorption magnitude versus cross arm length and (c) Q value versus cross arm length. The simulation and experimental data shows excellent agreement in terms of the general trends. However the simulated peak absorption wavelength position is underestimated compared to the experimental one by an average of 0.48 μm. This is most likely due to the refractive index of the PECVD SiO 2 differing from the simulated values used in Lumerical FDTD software. It is well established that as the refractive index of the dielectric layer increases the peak absorption wavelength position redshifts [18] . We also see that there is a linear relationship of the cross arm length versus the peak absorption wavelength position. The experimental 100 nm thick SiO 2 data has a relationship of λ p = 0.0029l + 0.7189 where λ p is the peak absorption wavelength position. Using this equation we can determine the cross arm length required to attain close to unity absorption at any wavelength between 3.08 μm and 5.6 μm.
Comparing the peak wavelength absorption magnitude for the simulation and experimental data, see Fig. 4(b) , we see that a thicker SiO 2 layer is required to experimentally realise unity absorption. Again, this discrepancy can be attributed to the loss component, k, of our PECVD SiO 2 differing from the simulated value. In any hyperspectral application the filter or absorber should have high spectral selectivity. In effect this translates to a high Q factor, where Q = λ p /full width-half maximum. In Fig. 4(c) we plot the Q value for the simulation and experimental data. For the simulation data the maximum Q value attained is 12 while the average is 10.1 for all 40 metamaterial absorbers. Q values of the fabricated devices are slightly smaller, averaging 7.3. For the absorbers with the largest absorption magnitude (100 nm thick SiO 2 ), the maximum Q attained is 8.5 while the average is 7.7. Our experimental Q values are typical of single band cross shaped ERR MIM metamaterial absorbers
Incident Angle Dependence and Observation of a Fano Resonance
In this section we examine the spectral response characteristics of the CMOS compatible metamaterial absorbers for obliquely incident radiation ranging from 0° to 60° for both transverse electric (TE) and transverse magnetic (TM) polarisations. This is an important and often overlooked consideration when proposing metamaterial absorbers be integrated with detectors to form imaging array systems. In an imaging system, depending on the numerical aperture of the lens and the size of the focal plane array, the MWIR radiation incident on the sensor can vary from 0° to +/−30° [34] . Ideally, there should be no deviation of either the absorption magnitude or peak wavelength position as the angle of incidence or polarisation varies. Figure 5 shows the simulated incident angle dependence for both TE and TM polarised light for metamaterial absorbers with a SiO 2 thickness of 75 nm and varying cross arm lengths from 800 to 1700 nm in steps of 100 nm. The simulation set-up is shown in the inset of Fig. 1(a) where the incident angle, φ, is varied in the xz plane. For TM the e-field is polarised in the x axis direction while for TE the e-field is polarised in the y axis direction. For the case of TE polarised light, beyond these angles the absorption magnitude slowly starts to decrease with the wavelength peak position remaining relatively constant. This behaviour is attributed to the parallel magnetic eld component approaching zero as the incident angle increases and being unable to effectively induce antiparallel currents in the ERR layer and the ground plane resulting in a drop in the magnetic ux [35] . For the case of TM polarised light the drop-off in absorption magnitude is a result of a second mode interfering with the metamaterial absorber mode. This mode is attributed to surface plasmon polaritons (SPPs) occurring between the metallic ground plane and the SiO 2 layer. On a continuous metal film SPPs can only be generated for TM polarised light, they do not occur for TE polarised light [36] . To further support our physical explanations for the reduction in absorption magnitude with incident angle for both TE and TM polarisations we show in Fig. 6 the simulated spectral response characteristics of metamaterial absorbers for the 4 experimentally studied SiO 2 spacer thicknesses and for cross arm lengths of 800 and 1700 nm. It is clear for all spacer thicknesses that when l = 800 nm and the incident light is TE polarised there is a critical angle after which the magnetic resonance and therefore absorption magnitude is diminished while when the incident light is TM polarised there is a shorter wavelength SPP mode that red shifts with increasing angle until it destructively interferes with the metamaterial induced absorption mode. We also investigated via Lumerical FDTD simulations the absorption characteristics with varying azimuthal angle. The azimuthal angle was fixed at 0°, 30° and 60° and the polar angle varied for both TE and TM polarisations. Since the cross shaped ERR is symmetric there should be no change in the absorption properties with varying azimuthal angle which the FDTD simulations confirmed. Fig. 5 . Spectral absorption intensity for incident angles up to 60° for the CMOS compatible MWIR metamaterial absorbers with a 75 nm thick SiO 2 spacer for both TE and TM polarisations and varying cross arm lengths. TE data is shown for cross arm lengths of (a) 800 nm, (b) 900 nm, (c) 1000 nm, (d) 1100 nm, (e) 1200 nm, (f) 1300 nm, (g) 1400 nm, (h) 1500 nm, (i) 1600 nm and (j) 1700 nm. TM data is shown for cross arm lengths of (k) 800 nm, (l) 900 nm, (m) 1000 nm, (n) 1100 nm, (o) 1200 nm, (p) 1300 nm, (q) 1400 nm, (r) 1500 nm, (s) 1600 nm and (t) 1700 nm.
The interference between the metamaterial absorber mode and the SPP mode could be of benefit since at specific angles there is a Fano type behaviour where multiple asymmetric absorption peaks are observed [37] . For example, Fig. 7(a) shows the simulated absorption spectral characteristics for l = 800 nm, t = 75 nm and TM polarisation for different incident angles. Some of the absorption peaks have ultra-narrow linewidths resulting in Q factors as high as 51.5 (30° incident angle) and would be extremely useful in sensing applications that require high spectral selectivity such as hazardous gas identification. To better understand the characteristics of this SPP mode we replaced the SiO 2 dielectric spacer with a Si 3 N 4 spacer and simulated different metamaterial absorber structures. For the n and k of the Si 3 N 4 we used values published by Kischkat [38] . Figure 7(b) shows the spectral absorption characteristics for different polar incident angles for a 75 nm thick Si 3 N 4 dielectric spacer and cross arm length of 800 nm for TM polarisation. Analogous to the absorbers with a SiO 2 spacer there is a strong angle independent metamaterial absorber mode and an angle dependent SPP mode occurring at shorter wavelengths that again red shifts with increasing incident angle. Figure  7 (c) shows the simulated spectral absorption characteristics at normal incidence for metamaterial absorbers with a 75 nm Si 3 N 4 dielectric spacer and varying cross-arm lengths. The higher refractive index of Si 3 N 4 compared to SiO 2 means that the absorption peak occurs at longer wavelengths, e.g. when l = 800 nm the absorption peak is at 4.23 μm for Si 3 N 4 compared to a simulated absorption peak value of 2.72 μm and experimental value of 3.01 μm for SiO 2 . The larger refractive index of Si 3 N 4 also means that in the 2-8 μm range higher order modes can be accessed. In Fig. 7(d) we plot the dispersion curves for the SPP absorption peak for metamaterial absorbers with a SiO 2 thickness of 75 nm and cross arm lengths from 800 to 1700 nm and for a metamaterial absorber with a 75 nm Si 3 N 4 dielectric spacer and a cross arm length of 1700 nm. Note that the shown data is only for angles when the SPP absorption peak was far away from the metamaterial absorption peak. It is clear from the graph that the SPP mode is essentially independent of the metamaterial cross arm length and dielectric spacer type. The dominating factor determining the position of the SPP absorption peak is the unit cell period. This is confirmed by Figs. 7(e) and 7(f) where we show the spectral absorption intensity for varying incident angles for a metamaterial absorber with a smaller period than those studied thus far (1000 nm), SiO 2 dielectric spacer thickness of 75 nm and cross arm length of 800 nm for both TM and TE polarisations. The metamaterial absorber mode intensity is essentially unchanged for incident angles up to 60° for both TM and TE polarisation. These results show that selecting the appropriate unit cell size is essential in designing hyperspectral, omni-directional, polarisation insensitive metamaterial absorbers. Finally, in Fig. 8 we compare our cross-shaped ERR geometry with circle and square ERRs of identical diameter and side length respectively for a SiO 2 dielectric spacer thickness of 75 nm. For all ERR shapes the absorption magnitude exceeds 98% (not shown). In terms of the wavelength peak position, cross and circle shaped ERRs are almost identical for arm/side lengths from 800 to 1700 nm. Square shaped ERRs however consistently have resonance peaks at longer wavelengths compared to cross and circle shaped ERRs. Figure 8(b) shows how the Q value compares between cross, circular and square shaped ERRs. It is clear to see that cross shaped ERRs have larger Q values and are therefore more resonant than square or circle shaped ERRs. Clearly, for hyperspectral imaging applications it is advantageous to have a large Q value therefore it is best to use cross shaped ERRs rather than circular or square shaped ERRs. 
Conclusion
In summary we have experimentally detailed and described a CMOS compatible metalinsulator-metal metamaterial absorber geometry where for a single SiO 2 spacer thickness of 100 nm a minimum of 93% absorption is attained for 10 separate bands centred at 3.08, 3.30, 3.53, 3.78, 4.14, 4.40, 4.72, 4.94, 5.33, 5.60 μm throughout the MWIR spectrum. We have also revealed that the absorption characteristics of the hyperspectral metamaterial structures are invariant up to incident angles up to 25° making them suitable for implementation in an imaging system. Our hyperspectral MWIR metamaterial absorbers can be integrated with bolometric or pyroelectric detectors and formed into highly sensitive low-cost focal plane arrays. Such a hyperspectral MWIR imager has numerous applications in areas such as gas detection, identification of biological materials, chemical sensing and imaging and pollution monitoring. Our hyperspectral metamaterial device could also be used for applications that require selective thermal emission (e.g. energy harvesting) since according to Kirchoff's laws the emissivity of a material is equal to its absorptivity [14] . Furthermore, by perforating the ground plane of the MWIR metamaterial absorbers with arrays of sub-wavelength nanoholes that selectively filter visible light we can hybridize plasmonic metasurface and metamaterial absorber technologies to form a synthetic multi-spectral material that can simultaneously selectively absorb MWIR and filter visible [39] [40] [41] . Coupling with appropriate detectors, namely pyrometers or bolometers for the MWIR and CMOS Si photodiodes for the visible, we can render a CMOS based, real-time and low-cost co-axial hyperspectral MWIR and visible imager. 
